The objective is to use active control to suppress the acoustic energy that is radiated to the far field from a structure that has been excited by a short-duration pulse. The problem is constrained by the assumption that the far-field pressure cannot be directly measured. Therefore, a method is developed for estimating the total radiated energy from measurements on the structure. Using this estimate as a cost function, a feedback controller is designed using linear quadratic regulator theory to minimize the cost. Computer simulations of a clampedclamped beam show that there is appreciable difference in the total radiated energy between a system with a controller designed to suppress vibrations of the structure and a system with a controller that takes into account the coupling of these vibrations to the surrounding fluid. The results of this work provide a framework for a general, model-based method for actively suppressing transient structural acoustic radiation that can also be applied to steady, narrow, or broadband disturbances.
INTRODUCTION
Active structural acoustic control, using modern control methods, is introduced here as a natural extension to active vibration control. Numerous investigations, both theoretical and experimental, have been conducted on active Recently, there has been some interest in the active control of sound radiation from elastic structures using force inputs. Fuller 9']ø demonstrated, both experimentally and analytically, that significant reduction in far-field radiated pressure was possible by applying control forces directly to a plate. By minimizing a radiated power cost function, the optimal control was derived which caused reduction in farfield pressure. The experimental work by Fuller used acoustic pressure sensors in the far field to generate a radiated power cost function that was minimized using electrodynamic actuators on a circular plate. The control experiment used an adaptive algorithm, which has been discussed in Refs. 11 and 12. A state-space method for active control of sound radiationS3 by Meirovitch uses a standard LQR controller design for vibration control, with observation of the resulting far-field radiated pressures to verify the effectiveness of the control. In the following, we also discuss a statespace method but the acoustic radiation dynamics are implemented directly into the controller. The concept of this controller design for structural acoustic control was discussed briefly in an overview paper by Fuller et al. •4 In this paper, we distinguish the structural acoustic control objective as a requirement to suppress only those surface velocity vectors that are efficiently coupled to the far field. It will be shown that this new requirement necessarily increases the order of the controller, but provides a significant reduction in radiated acoustic energy compared to traditional active vibration control. Additionally, this objective may actually reduce the number of control actuators required. It is intuitive that control effort need not be expended on inefficiently radiating modes. The controller design discussed in this paper ensures that the dominant radiation modes of a structure will be actively damped most quickly in response to an impulsive loading.
We consider a structure (immersed in a light fluid, such that Po/Pm '• 1, where Po is the fluid density and pm is the mass density of the structure) that has been excited by a mechanical impulse. The objective is to suppress the acoustic energy resulting from the pulsed input to the structure that is radiated to the far field. The problem is constrained by the assumption that the far-field pressure cannot be directly measured. Therefore, a method is developed for estimating the total radiated energy from measurements on the structure. Using this estimate as a cost function, a feedback controller is designed using linear quadratic regulator theory to minimize the cost. It will be shown that the cost function is practically equal to that used by Fuller, as discussed previously. However, the state-space formulation allows a timedomain optimal control that is not available in the aforementioned work.
Computer simulations of a clamped-clamped beam show an appreciable difference in the total radiated energy between a system with a controller designed to suppress vibrations of the beam and a system with a controller that takes into account the coupling of these vibrations to the surrounding fluid. Numerical results will be presented after the formulation of the structural acoustic control law. 
The pressure resulting from the velocity distribution assoFrom a system-theoretic point of view, we can consider the input of the system to be the time variation of the ith mode, w2i (t), and the output to be the pressure, p(t), at a given point (R,0,•b). For a harmonic input of the form in Eq. (5), Eq. (6) shows that the output can be written as oe( t) = i(co)w2i ejø•t, 
where the spatial dependence has been included explicitly and, for notational convenience, the delay and loss terms of the transfer function have been written separately. Before proceeding, we define the characteristics of the input and output signals. First, it is assumed that the time duration of each signal is such that
where to corresponds to the application of the impulse •5 (t -to ). Second, we view the resulting radiated pressure as an energy signal with energy proportional to the integral of the signal squared. By the acoustic far-field assumption, the proportionaiRy constant (between pressure and velocity) will be the characteristic impedance pc. Note that the relationshipp = (pc)v holds for instantaneous signals, as well as steady-state signals. ciated with the ith spatial function on the structure To compute the total radiated energy, integrate Eq. 
where G(s) is a real, rational matrix that is analytic in Re (s) > 0. Substituting s = jco produces the desired factorization. (A formal proof that the spectral factorization of the matrix quantity exists was presented by Youla.
•6 A constructive proof in state-space form can be found in Francis.
•7 ) In general, M(s) will be of normal rank n and G(s)
will be an n X n matrix. For certain degenerate cases, it may happen that M(s) will be of normal rank r < n, in which case G(s) will be of dimension rX n. In the following, it will be assumed that M is not degenerate, but the degenerate case follows immediately. The total radiated energy may be expressed as II = W r* ( co ) G r* ( co ) G ( co ) W( co ) dco (21) and by Parseval's theorem this is equivalent to II = zr(t)z(t)dt, 
II. CONTROLLER DESIGN
A controller was designed using state space realizations for the structural dynamics and radiation dynamics. Next, we outline the steps required to generate the state equations for the radiation dynamics. 
z= Cor + Dow.
An alternative approach, which may be numerically easier, is to perform a Cholesky decomposition of the M(w) matrices that are known numerically at a given set of frequencies. This gives the values of G(w) directly at the given frequencies. Then, G(s) can be computed by fitting rational Laplace transforms to G(w ), and then a state-space realization of the form shown in Eq. (23) and (24) (26) Assuming that there is a limit to the amount of control energy that can be applied in a given time interval, the cost function is chosen to be Jrad = (ZrZ + pu rU ) dt.
Minimizing this cost function produces a tradeoff between the total radiated energy and the total control energy used. (cos kiL --cosh kiL)/(sinh kiL --sin kiL) (34) and k•L is the ith root of cosh kiL cos k•L = 1. For simplicity, it will be assumed that the structure can be accurately modeled by using the first three modes. The matrix M was computed numerically at a large number of frequencies using Eq. (16). The integration was performed over a half sphere on one side of the baffle; the results are plotted in Fig. 1 . There is no interaction between the radiation from mode 2 and the radiation from modes 1 and 3. There is interaction between the energy radiated from modes 1 and 3.
As p approaches zero, minimizing the cost Jraa is equivalent
These interaction results can be explained in physical terms. For the baffled, clamped--clamped beam, modes 1 and 3 are volumetric modes, while mode 2 is not. At low frequencies (koe,• 1 ), the radiation from modes 1 and 3 is due primarily to the volume of fluid displaced. The total volume displaced by the combination of these modes depends on their relative magnitude and phasing, and, hence, the energy radiated by these modes is not the sum of the energies that would be radiated independently. This gives rise to the interaction terms. In terms of pressure patterns, modes 1 and 3 act like monopole sources at low frequencies.
Depending on the magnitude and phasing of these modes, the far-field pressures will either enhance or diminish each other over the entire pattern, causing the energy radiated to vary depending on the interaction of the modes. At high frequencies, these arguments do not apply and the interaction terms go to zero.
The pressure pattern of mode 2 resembles a dipole at low frequencies with half of its pattern 180 ø out of phase with the other half. Thus, if the superposition of the pressure from mode 2 with the pressure from modes 1 or 3 increases the total pressure over part of the pattern, it will decrease it correspondingly over the other part, resulting in no net change in the total radiated energy. This accounts for the zero interaction terms between mode 2 and modes 1 and 3.
The direction in which the energy is radiated, however, will depend on the phasing of mode 2 relative to modes 1 and 3. Also, had we only been concerned with radiation into a sector smaller than the half-space, interaction terms between mode 2 and modes 1 and 3 would have appeared in the analy- 
IV. CONCLUSION
The major result of this paper is a method for estimating, in real time, the total acoustic energy radiated to the far field from measurements on the structure. This was accomplished by first spatially decomposing the structure, using the •i functions, and then decomposing the radiation of these spatial functions with respect to temporal frequency.
These frequency response functions were used to construct a radiation filter. To estimate the radiation, velocity measurements of the structural vibration are converted into velocities of the predetermined spatial functions and these The radiation filter developed in this paper was incorpo- 
